Background Variable platelet response to clopidogrel has been widely observed. Studies have shown that the mean aggregation response to clopidogrel can be changed by a higher maintenance dose. However, these studies have not focused on individual changes.
Introduction
Combination antiplatelet therapy with aspirin (ASA) and clopidogrel is currently the standard of care to reduce the risk of cardiovascular events in several clinical settings, including acute coronary syndrome (ACS) and percutaneous coronary intervention (PCI) [1, 2] . Despite these proven therapeutic benefits of the combination of clopidogrel and ASA, 3-5% of patients presenting with ACS experience a late recurrent thrombotic event (defined as an event occurring a minimum of 30 days after the index event) [1] , and stent thrombosis complicates 1-2% of PCI procedures [3, 4] .
Inadequate platelet inhibition is one possible explanation for thrombotic events that occur despite combination clopidogrel and ASA therapy. Indeed, wide inter-individual variability in responsiveness to the standard dose of clopidogrel has been documented extensively with a variety of ex-vivo assays [5] [6] [7] [8] . Part of this variability may be attributable to the standard maintenance dose of clopidogrel (75 mg/day), which was chosen because it achieved a degree of platelet inhibition similar to that of the initial thienopyridine, ticlopidine. However, the standard ticlopidine dose (500 mg/day) was arbitrarily chosen in the 1970s before its use in coronary angioplasty and PCI [9] .
In an attempt to lower the risk of subacute and late stent thrombosis, especially in the setting of drug-eluting stents, alternative strategies of clopidogrel administration are being investigated. In the setting of ACS and elective PCI, a loading dose of 600 mg clopidogrel has been shown to more rapidly and to a greater degree inhibit platelet function, thereby improving outcomes compared with 300 mg [10] [11] [12] . In addition, the current American College of Cardiology/American Heart Association/Society for Cardiac Angiography and Interventions (ACC/AHA/ SCAI) PCI guidelines advocate increasing clopidogrel therapy to 150 mg daily in patients deemed to be at high risk for subacute stent thrombosis and in whom platelet function tests demonstrate less than 50% inhibition of platelet aggregation (class IIb, level of evidence C) [13] .
Studies investigating the biologic effects of higher maintenance doses of clopidogrel on platelet function have found that higher clopidogrel doses can reduce the average platelet aggregation response in a population [14] [15] [16] [17] . However, these studies have only minimally described the inter-individual or temporal responses to a higher clopidogrel dose. Thus, it is possible that only a small percentage of patients in a population at any specific time would benefit from a higher clopidogrel dose. In addition, no study to date has shown the pharmacokinetic effects of an increased maintenance dose, although this is likely because of technical difficulties in measuring the active metabolite of clopidogrel.
In this study, we examined the platelet function effects of increasing the daily maintenance clopidogrel dose from 75 to 150 mg/day in patients with known coronary artery disease.
Methods

Patient enrollment
Patients were recruited from the outpatient cardiology clinic at the University of Kentucky. The study protocol was approved by the Institutional Review Board, and all patients signed a written consent form. Patients with documented coronary artery disease, as defined angiographically or by history of myocardial infarction, were eligible to participate if they were above the age of 18 years and had been treated with dual antiplatelet therapy of ASA (81-325 mg/day) and clopidogrel (75 mg/day) for at least 1 month. Exclusion criteria included thrombocytopenia (<100 Â10 3 platelets/ml), anemia (hemoglobin <10 mg/dl), recent bleeding diathesis, malignancy, renal insufficiency (creatinine >2.5 mg/dl), liver dysfunction (bilirubin >2 mg/dl), or treatment with warfarin or glycoprotein IIb/IIIa antagonists during the preceding 14 days.
Study protocol
At the time of enrollment, patients taking ASA and clopidogrel were evaluated for baseline platelet function. After venous blood collection in 3.2% sodium citrate Vacutainer collection tubes (Becton, Dickinson and Company, Franklin Lakes, New Jersey, USA), platelet aggregation was assessed by the VerifyNow P2Y12 point of care test and adenosine diphosphate (ADP)-induced light transmittance aggregometry (LTA) using 5 and 20 mmol/l ADP. The dose of clopidogrel was then increased to 150 mg/day for 30 days, at which time the platelet function assays were repeated. Patients then resumed the 75 mg/day dose of clopidogrel for 30 days for a final assessment of platelet function at day 60 of the protocol. Target endpoints for the study were change in platelet function, with both clopidogrel dose and time, as assessed by the VerifyNow P2Y12 assay and LTA. The consistency of results from baseline to 60 days was also assessed.
VerifyNow P2Y12 assay
An electronic quality control was run daily before performing the P2Y12 VerifyNow assay. Citrated whole blood was transferred to 2 ml Greiner vacuettes (Greiner Bio-One, Monroe, North Carolina, USA) and gently inverted five times before being inserted onto P2Y12 assay cartridges to determine platelet function. Values are reported as P2Y12 reaction units (PRU) and indicate the extent of ADP-induced platelet aggregation through the P2Y12 receptor. According to the manufacturer, patients not taking clopidogrel have a mean PRU value of 307, and administration of clopidogrel decreases baseline scores by 185 PRU on average [18] .
Light transmittance aggregometry
Platelet-rich plasma (PRP) was obtained by low-speed centrifugation (100g for 15 min at room temperature) of citrated whole blood. After removal of the PRP, the remaining portion of blood was centrifuged at 2400g for 20 min at room temperature to obtain platelet-poor plasma. PRP was diluted with platelet-poor plasma to obtain a final platelet count of 200-300 Â10 3 /ml for use in LTA; platelet counts were determined using a Beckman Coulter Counter (Model A C T 10, Beckman Coulter Inc., Brea, California, USA). Aggregation was monitored in a 570VS 4-channel aggregometer (Chrono-Log, Havertown, Pennsylvania, USA) after the addition of either 5 or 20 mmol/l ADP. Light transmission was continuously recorded for 6 min using AGGRO/LINK software (version 5.2.1, Chrono-Log), and results were presented as the maximum or residual percent increase in light transmission.
Statistical analyses
The effects of treatment dose on platelet function were evaluated using one-way repeated-measures analysis of variances. Specifically, two linear mixed models were fit to each measure of platelet response (PRU, LTA-ADP5, and LTA-ADP20). The first linear mixed model related mean platelet response to clopidogrel dose (75 or 150 mg), whereas the second related mean platelet response to the time point (baseline, 30, or 60 days). Both linear mixed models incorporated patient-specific random effects to capture correlations among repeated measurements on the same individuals. In addition, Pearson correlations (r) were calculated to compare PRU values with LTA values and to determine whether baseline platelet response predicted the change in response after 30 days and/or the final response after 60 days. Patients whose baseline values on ASA and clopidogrel 75 mg were more than twice the standard error over mean response were defined as poor responders. For each assay and agonist concentration, poor responders were compared with other patients by t-test to assess whether one group experienced greater change from baseline to 30 days. Agreement of the assays for designating poor responsiveness was assessed with the k statistic. All statistical calculations were performed in JMP 7.0 (SAS Institute Inc., Cary, North Carolina, USA). A P value of less than 0.05 was considered statistically significant. On the basis of previous data [16] , we anticipated that the mean ± SD level of ADP (5 mmol/l)-induced platelet aggregation would be 47 ± 15% in patients treated with 75 mg of clopidogrel daily and 38 ± 10% in those treated with 150 mg daily. Accordingly, 19 patients would be needed for a paired comparison with 80% power to detect the aforementioned difference (47 vs. 38%) in mean ADP (5 mmol/l)-induced platelet aggregation at the 0.05 significance level (assuming a 0.50 correlation between scores on the same patient at 75 and 150 mg).
Results
Patient characteristics and baseline laboratory values are depicted in Table 1 . Model-based estimates of mean platelet responses and standard errors are shown in Table 2 . Platelet function as analyzed by the VerifyNow P2Y12 assay yielded estimated mean PRU scores of 191 with 75 mg clopidogrel (191 at baseline and 191 at 60 days) and 158 with 150 mg clopidogrel at 30 days ( Fig. 1 ). The PRU scores were significantly lower when patients were taking 150 mg/day at 30 days compared with 75 mg/day at baseline alone (P = 0.029) or 60 days alone (P = 0.038), or with these results combined (P = 0.013). Even so, there was considerable variability Numeric data are summarized as the mean ± standard deviation. All 20 patients had documented coronary artery disease and were treated with aspirin 81-325 mg and clopidogrel 75 mg for a minimum of 1 month. PRP, platelet-rich plasma. The estimated mean responses and standard errors at the two doses (75 and 150 mg) are based on a linear mixed model with dose as the predictor and a random effect for each patient. The estimated mean responses and standard errors at the three times (baseline, 30 and 60 days) are based on a linear mixed model with time as the predictor and a random effect for each patient. across individuals. Among the 18 patients with nonmissing PRU scores at baseline and 30 days, nine had PRU scores more than 28 points lower at 30 days than at baseline, five had PRU scores more than 28 points higher, and four did not experience changes of more than 28 points in either direction; the frame of reference was set at 28 PRU to match twice the standard error of platelet function at baseline. Analysis of platelet function by LTA yielded estimated mean LTA-ADP5 values of 40% while patients were taking 75 mg clopidogrel (39% at baseline and 40% at 60 days) and 36% at 150 mg clopidogrel (Fig. 2) . Estimated mean LTA-ADP20 scores were 50% at 75 mg clopidogrel (51% at baseline and 49% at 60 days) and 47% at 150 mg ( Table 2 ). For both concentrations of ADP, there were no significant differences by clopidogrel dose or time with LTA. Similar results were obtained with residual platelet aggregation (RPA) at 6 min ( Table 2) .
Results from the two platelet aggregation assays were highly correlated at all time points. The Pearson correlations between PRU and LTA-ADP5 values were 0.87, 0.82, and 0.89 at baseline, 30 days, and 60 days, respectively (all P values < 0.0001); similarly, correlations remained strong between PRU and LTA-ADP20 at baseline (r = 0.82, P < 0.0001), 30 days (r = 0.83, P < 0.0001), and 60 days (r = 0.90, P < 0.0001). In contrast, baseline platelet function did not predict the change in response at 30 days. The Pearson correlations relating baseline platelet function to the change in response were -0.22, -0.46, and -0.24 based on the VerifyNow P2Y12 assay, LTA with 5 mmol/l ADP, and LTA with 20 mmol/l ADP respectively (Fig. 3) ; these correlations were not significantly different from zero. Moreover, baseline platelet function correlated only modestly with platelet function at 60 days, after patients were again taking 75 mg clopidogrel for a minimum of 30 days. Statistically significant but moderate correlations were obtained for the VerifyNow P2Y12 assay (r = 0.54, P = 0.031) and LTA with 5 mmol/l ADP (r = 0.68, P = 0.006). At 20 mmol/l ADP, there was no significant correlation between baseline and 60-day values for LTA (r = 0.41, P = 0.12). Among the 16 patients with nonmissing PRU scores at baseline and 60 days, four had PRU scores more than 28 points lower at 60 days than at baseline, seven had PRU scores more than 28 points higher, and five had PRU scores within twice the standard error of baseline scores (Fig. 1) .
Separating the patients into poor responders and other patients did not elucidate the change in response from baseline (75 mg clopidogrel) to 30 days (150 mg clopidogrel). Poor responders, whose baseline values were more than twice the standard error over mean response for each assay, were not statistically different from other patients as indicated by PRU (P = 0.29), maximal platelet aggregation-ADP5 (P = 0.11), maximal platelet aggregation-ADP20 (P = 0.60), RPA-ADP5 (P = 0.11), and RPA-ADP20 (P = 0.42). Using these defined cut-off values for poor responders, the calculated k statistics for each assay combination were variable and ranged from 0.30 to 1.0 ( Table 3 ).
Discussion
The main finding of this study is that despite an average higher degree of platelet inhibition as measured by PRU scores in a population of patients taking 150 mg/day versus 75 mg/day of clopidogrel, substantial inter-individual variability exists in response to a higher maintenance dose of clopidogrel. Nine out of 18 patients in this study had similar or enhanced platelet function while taking 150 mg/day clopidogrel compared with 75 mg/day at baseline, and platelet aggregation at baseline did not predict response to a higher maintenance dose of clopidogrel. Moreover, there is substantial temporal variability in response to the 75 mg/day dose of clopidogrel. Eleven out of 16 patients had PRU scores at least 28 points higher or lower at 60 days compared with baseline. Reproducibility in platelet function testing over time remains an area of concern for evaluating antiplatelet agents. In addition to the modest reproducibility shown after 2 months with clopidogrel in this study, Harrison et al. [19] have previously documented minimal consistency of ASA response after 1 year of follow-up using conventional platelet function testing. Although it is possible that sample processing could contribute to the variability in LTA, the high correlation between the VerifyNow P2Y12 assay and LTA makes this unlikely and suggests that an individual's platelet responsiveness may vary over time.
Recently, there has been increasing interest in the clinical relevance of ex vivo-determined inter-individual variability in the response to clopidogrel, with most studies finding a wide, Gaussian distribution of responses ranging from 0% inhibition of ADP-induced aggregation to almost 100% inhibition [7, 8, 20] . There is mounting evidence to suggest that an inadequate response to clopidogrel, as measured by ex-vivo platelet function tests, is associated with adverse clinical events, especially in the setting of PCI [20] [21] [22] [23] . However, it is not entirely clear if this is a cause and effect relationship as a poor response to clopidogrel has been associated with high-risk clinical features [24] . Perhaps more convincing evidence for the clinical benefit of higher levels of platelet inhibition comes from studies of more potent P2Y12 receptor antagonists. One such thienopyridine, prasugrel, achieves greater levels of platelet inhibition than clopidogrel with less inter-patient variability [25] . In the pivotal Trial to Assess Improvement in Therapeutic Outcomes by Optimizing Platelet Inhibition with Prasugrel (TRITON), more rapid and consistent inhibition of ADP-induced platelet aggregation by prasugrel translated into a reduced frequency of ischemic events compared with clopidogrel with a tradeoff of increased bleeding [26] . Likewise, the nonthienopyridines cangrelor and AZD6140, competitive P2Y12 antagonists that elicit a higher level of platelet inhibition than clopidogrel [27, 28] , are currently undergoing phase III testing (ClinicalTrials.gov Identifiers: NCT00385138 and NCT00391872, respectively).
Although TRITON showed improved ischemic outcomes and caused more frequent bleeding with a more potent thienopyridine, it is still not clear whether ex-vivo platelet function testing can be used to optimize antiplatelet therapy. Several studies have shown both biologic and clinical benefit with the use of a higher loading dose of clopidogrel in population-based approaches [12] . However, much of the benefit noted in clinical studies from an increased loading dose may be the result of decreased time to peak antiplatelet effect, which seems to be about 2 h with a 600-mg dose but potentially up to 24 h with 300 mg [29, 30] . Bonello et al. [31] also recently demonstrated reduced rates of adverse cardiovascular events with an individualized, vasodilator-stimulated phosphoprotein index-guided loading dose of clopidogrel before PCI in 78 patients compared with a control group receiving a single 600-mg dose. However, the small sample size precludes widespread application of this approach in clinical practice.
The ex-vivo effect of a higher maintenance dose was examined in diabetic patients in the Optimizing Antiplatelet Therapy in Diabetes Mellitus Study (OPTIMUS) trial [14] , where the mean inhibition of LTA was improved by 150 mg/day clopidogrel compared with the standard 75-mg/day regimen. Similar findings of a decrease in mean platelet reactivity with a higher maintenance dose of clopidogrel have been reported by Von Beckerath et al. [15] and by Angiolillo et al. [16] in patients undergoing PCI.
Despite the data indicating that higher doses of clopidogrel can achieve greater average platelet inhibition in a population of patients, less is known about individual responsiveness; the existing data suggest that many individuals may not benefit from higher doses of clopidogrel. A reanalysis of the OPTIMUS data indicated that 85% (17 of 20) of the patients assigned to 150 mg/ day clopidogrel failed to achieve platelet inhibition of greater than 50% [32] , although 150 mg/day is the dose recommended by the ACC/AHA/SCAI guidelines for patients undergoing PCI who respond poorly to 75 mg/day. In addition, Neubauer et al. [33] used an aggregometry-guided protocol and found that only 58% for individual patients. Therefore, validation of a patientspecific approach for optimizing antiplatelet therapy and identification of the best ex-vivo method for monitoring therapy are still needed. The Gauging Responsiveness with a VerifyNow Assay-Impact on Thrombosis and Safety (GRAVITAS) trial (ClinicalTrials.gov Identifier: NCT00645918) in which patients will be randomized to increased loading/maintenance doses of clopidogrel versus standard therapy based on platelet response, will help to answer some of the questions surrounding the clinical utility of tailored therapy.
In conclusion, several studies with clopidogrel have found marked variability in ex-vivo platelet function responses to both the standard 75 mg/day dose and 300 mg loading dose. In this study, despite an increased mean level of platelet inhibition, substantial inter-patient variability was still present at a dose of 150 mg/day, suggesting that doubling the dose of clopidogrel may have little or no effect in a large percentage of patients. In addition, poor baseline platelet reactivity did not predict response to the higher maintenance dose of clopidogrel, casting further doubt upon which factors influence individual patient responsiveness to clopidogrel therapy.
There were several limitations to this study. To promote compliance with clopidogrel therapy, patients received a phone call 1 week before platelet function testing. However, there were no objective means used to ensure compliance. Furthermore, patients were advised to take 150 mg clopidogrel at a single time, preferably in the morning. There was no assessment, however, of whether it would be more efficacious to administer the dose as 75 mg twice daily, although this could be a reasonable hypothesis based on pharmacokinetic limitations such as absorption. In addition, we did not enroll or separately study a group of clopidogrel naive patients, which may have provided further data about clopidogrel responsiveness from a true physiologic baseline. Finally, although there were no adverse bleeding or ischemic events, the small sample size precluded formal assessment of bleeding risk or efficacy of a higher maintenance dose of clopidogrel.
Although suboptimal platelet inhibition with clopidogrel may be associated with adverse clinical events, we have demonstrated that a population-based approach of an increased maintenance dose will not improve antiplatelet response in a substantial number of patients as measured by the VerifyNow assay and LTA. Although the results of the TRITON strengthen the argument that more intensive ADP inhibition and by extension, platelet function monitoring, may serve as a surrogate marker for clinical outcomes, additional research is needed to define and examine clinical applications of ex-vivo platelet monitoring and to identify optimal individual-based and population-based approaches for improving outcomes with antiplatelet therapy.
